Caspase-independent cell death is known to be important in physiological and pathological conditions, but its molecular regulation is not well-understood. Eiger is the sole fly ortholog of TNF. The ectopic expression of Eiger in the developing eye primordium caused JNK-dependent but caspase-independent cell death. To understand the molecular basis of this Eiger-induced nonapoptotic cell death, we performed a large-scale genetic screen in Drosophila for suppressors of the Eiger-induced cell death phenotype. We found that molecules that regulate metabolic energy production are central to this form of cell death: it was dramatically suppressed by decreased levels of molecules that regulate cytosolic glycolysis, mitochondrial β-oxidation of fatty acids, the tricarboxylic acid cycle, and the electron transport chain. Importantly, reducing the expression of energy production-related genes did not affect the cell death triggered by proapoptotic genes, such as reaper, hid, or debcl, indicating that the energy production-related genes have a specific role in Eiger-induced nonapoptotic cell death. We also found that energy production-related genes regulate the Eiger-induced cell death downstream of JNK. In addition, Eiger induced the production of reactive oxygen species in a manner dependent on energy production-related genes. Furthermore, we showed that this cell death machinery is involved in Eiger's physiological function, because decreasing the energy production-related genes suppressed Eiger-dependent tumor suppression, an intrinsic mechanism for removing tumorigenic mutant clones from epithelia by inducing cell death. This result suggests a link between sensitivity to cell death and metabolic activity in cancer.
Caspase-independent cell death is known to be important in physiological and pathological conditions, but its molecular regulation is not well-understood. Eiger is the sole fly ortholog of TNF. The ectopic expression of Eiger in the developing eye primordium caused JNK-dependent but caspase-independent cell death. To understand the molecular basis of this Eiger-induced nonapoptotic cell death, we performed a large-scale genetic screen in Drosophila for suppressors of the Eiger-induced cell death phenotype. We found that molecules that regulate metabolic energy production are central to this form of cell death: it was dramatically suppressed by decreased levels of molecules that regulate cytosolic glycolysis, mitochondrial β-oxidation of fatty acids, the tricarboxylic acid cycle, and the electron transport chain. Importantly, reducing the expression of energy production-related genes did not affect the cell death triggered by proapoptotic genes, such as reaper, hid, or debcl, indicating that the energy production-related genes have a specific role in Eiger-induced nonapoptotic cell death. We also found that energy production-related genes regulate the Eiger-induced cell death downstream of JNK. In addition, Eiger induced the production of reactive oxygen species in a manner dependent on energy production-related genes. Furthermore, we showed that this cell death machinery is involved in Eiger's physiological function, because decreasing the energy production-related genes suppressed Eiger-dependent tumor suppression, an intrinsic mechanism for removing tumorigenic mutant clones from epithelia by inducing cell death. This result suggests a link between sensitivity to cell death and metabolic activity in cancer.
necroptosis | chromosomal deficiency screen | tumor | scribble R ecent studies have revealed that nonapoptotic cell death is important in both physiological and pathological conditions; however, its molecular mechanism is still largely unknown. Agonistic ligands of death receptors, such as tumor necrosis factor-α (TNFα), FasL, and TNF-related apoptosis-inducing ligand (TRAIL), generally induce caspase-dependent cell death, the typical form of apoptosis (1) . Intriguingly, these ligands can also induce nonapoptotic cell death when caspases are inhibited or cannot be activated efficiently (2, 3) .
A surprising finding that implied the importance of nonapoptotic cell death was that, except in the brain, mice mutant for core regulators of apoptosis do not exhibit severe embryonic tissue-sculpting defects such as interdigital tissue removal, a classic example of physiological cell death (although bax −/− bak −/− double mutant mice have some remaining interdigital tissue) (4) . Interestingly, nonapoptotic cell death is observed in the interdigital region of apaf-1 mutant mice (5, 6) . These results indicate that nonapoptotic cell death may function physiologically to remove unnecessary tissue or as an alternative mechanism to remove cells when the apoptotic machinery is inhibited. Caspaseindependent or nonapoptotic cell death has also been observed in oncogenic ras-induced cell death (7) and under other pathological conditions (8) .
We and other groups previously reported that the Drosophila genome encodes one pair of TNF/TNF receptor (TNFR) superfamily proteins: Eiger and its receptor, Wengen (9) (10) (11) (12) . The ectopic expression of Eiger induces cell death through the activation of c-Jun N-terminal kinase (JNK) signaling both in vivo (9, 10) and in vitro (12) . Intriguingly, Eiger-induced cell death seems far less sensitive to the baculovirus-derived pan-caspase inhibitor p35 (9, 10) than other apoptotic cell deaths (13) . Thus, the Eigerinduced cell death signaling in Drosophila can provide a powerful genetic model system for studying the conserved mechanism of TNF-induced, caspase-insensitive cell death signaling in vivo. Although several downstream molecules that mediate EigerWengen signaling have been identified (9) (10) (11) (12) (14) (15) (16) (17) (18) , little is known about the mechanism by which these molecules mediate nonapoptotic cell death. In mammals, the signaling cascade of nonapoptotic cell death has been studied since the identification of necroptosis, which is induced by TNF in the presence of caspase inhibitor (19) (20) (21) . However, no comprehensive genetic investigation to elucidate the mechanisms of nonapoptotic cell death, programmed necrosis, or necroptosis in vivo has been reported. Therefore, to examine the genetic control of nonapoptotic cell death, we chose a forward genetic screen for Eiger/ TNF-induced cell death signaling in Drosophila.
In this study, we found that Eiger-induced nonapoptotic cell death signaling requires molecules related to the production of metabolic energy downstream of activated JNK. The ectopic activation of Eiger signaling resulted in the overproduction of reactive oxygen species (ROS) downstream of JNK signaling. We also found that this cell death system is, at least in part, used as an intrinsic tumor suppression system in endogenous Eiger signaling to remove tumorigenic scrib mutant cells from epithelia.
Results
Eiger-Induced Cell Death Does Not Require the Canonical Caspase Activation Pathway in Drosophila Developing Eyes. We previously showed that the sole Drosophila TNF superfamily ligand, Eiger, induces massive cell death when it is ectopically expressed in the developing eye primordium (eye imaginal disc). This cell death requires the activation of the Drosophila JNK, Basket (Bsk) (9, 10) . Intriguingly, although Eiger has been shown to activate caspases (9, 10, 22, 23) , the Eiger-induced eye phenotype was only slightly suppressed by coexpression of the pan-caspase inhibitor, p35 ( Fig. 1 B and E) (9, 10), whereas p35 almost completely suppressed the cell death phenotype triggered by the ectopic expression of the proapoptotic gene reaper or head involution defective (hid) (Fig. 1 C, D, F , and G). This finding suggested that the Eiger-induced cell death is only partly dependent on caspases. Therefore, we first sought to clarify the requirement for caspase activation in Eiger-induced cell death. Immunostaining for cleaved caspase 3 revealed that the overexpression of Eiger only slightly increased the caspase 3-like protease activity ( Fig. 1 H-J) . In addition, because p35 blocks the effector caspases drICE and DCP1 but not the initiator caspase Dronc (24, 25) , we evaluated Dronc's involvement in the Eigerinduced cell death by overexpressing Eiger in a dronc-null mutant background. However, no phenotypic suppression was observed under this condition ( Fig. 1 K-N) , consistent with a previous observation that the overexpression of a dominant negative form of Dronc does not affect the Eiger-induced eye phenotype (9) . Thus, Eiger-induced cell death requires little, if any, activation of the canonical caspase pathway in the eye imaginal disc.
Eighteen Deficiencies That Dramatically Suppress the Eiger-Induced Eye Phenotype Identified by a Genome-Wide Dominant Modifier Screen. To understand the molecular mechanism of the Eigerinduced nonapoptotic cell death in vivo, we conducted a genome-wide screen using a series of chromosomal deficiency lines to identify dominant suppressors of Eiger-induced eye reduction (Materials and Methods). We screened more than 80% of the genome and recovered 18 deficiency alleles, which we named suppressors of Eiger (SEs 1-18) ( Fig. S1 and Table S1 ). The responsible regions for the suppression in these deficiency alleles were narrowed down by using sets of small, partially overlapping deficiencies, and the responsible genes were determined by screening publicly available mutant lines. The Drosophila TNF receptor, Wengen, was identified in the deficiency region of SE1, as described previously (11) .
Knockdown of Genes Related to Energy Production Suppresses the
Eiger-Induced Small Eye Phenotype. We noticed that genes involved or predicted to be involved in mitochondrial function were frequently found in the responsible regions of the SE lines (Table  S1 ). For instance, the Eiger-induced small eye phenotype was significantly suppressed by P-element insertions into or near the loci of cytochrome c-d (cyt.c-d; it encodes one of two isoforms of Drosophila Cyt.c), Indy (a Krebs cycle intermediate transporter at the plasma membrane), Nmd (an ATPase), or CG18317 (a mitochondrial carrier protein) (Table S1 ). In addition, the locus of Isocitrate dehydrogenase, which encodes a mitochondrial tricarboxylic acid (TCA) cycle enzyme, was involved in a small deletion of Df(3L)66C-I65, which was recovered as the small deletion in SE8 (Table S1 ). Because the mitochondrion is the major energy-producing organelle, we next evaluated the role of metabolic energy production-related genes in the regulation of Eiger-induced cell death. To examine the contribution of energy homeostasis to Eiger-induced cell death, we knocked down energy production-related genes in Eiger-expressing imaginal discs. Strikingly, the knockdown of genes involved in cytoplasmic glycolysis, the mitochondrial TCA cycle, the β-oxidation of fatty acids, or the electron transport chain was effective in suppressing the Eiger-induced small eye phenotype ( Fig. 2 A, F , and G). However, the knockdown of these genes had no effect on the caspase-dependent cell death triggered by the overexpression of Reaper, Hid, or Debcl ( Fig. 2 B-D), indicating that regulation by energy production-related molecules is specific for the Eigerinduced nonapoptotic cell death. These results indicated that the energy production system is a crucial regulator of Eiger signaling.
Energy Production-Related Molecules Act Downstream of JNK
Signaling. Because Eiger-induced cell death is mediated by the JNK pathway (9, 10), we next examined the epistasis between the JNK pathway and the energy production-related genes that we identified as suppressors of Eiger. The knockdown of carnitinepalmitoyl transferase-I (CPTI; believed to be the rate-limiting step of fatty acid oxidation), phosphoglycerate kinase (pgk; a transferase in glycolysis), or cyt.c-d (electron transport chain protein) significantly inhibited cell death ( Fig. 3 A′-E′) without affecting JNK activation ( Fig. 3 A-E), suggesting that these molecules mediate Eiger-induced cell death signaling downstream of JNK.
Eiger-Induced Cell Death Is Accompanied by the Production of ROS. In some cell lines, such as the murine fibrosarcoma-derived L929, treatment with TNFα induces caspase-independent cell death through the production of ROS (26) . We therefore examined if Eiger-induced cell death follows oxidative stress using flies that express Glutathione S transferase D1-GFP (gstD-GFP), a ROSinducible gstD promoter-GFP reporter (27, 28) . When Eiger was ectopically expressed in the eye imaginal discs of these flies, the cells showed an oxidative stress response, which was revealed by the increase in gstD-GFP expression (Fig. 4 A-C). The strength of this response correlated with the strength of the adult eye phenotype (Fig. 4 A-C and A′-C′). Furthermore, dihydroethidium staining of these eye discs, in which Eiger was expressed in small patches of the disc, indicated that the cells that ectopically expressed Eiger produced superoxide (O 2 − ) (Fig. S2) . In addition, the up-regulation of gstD-GFP reporter expression was strongly suppressed by reducing the gene dosage of bsk (Fig. 4 C, C′, D, D′, and F). Furthermore, the ectopic expression of a JNK kinase kinase, dTAK1, also increased the gstD-GFP signal (Fig.  S3 ). These results suggest that oxidative stress is induced downstream of the activated JNK pathway.
We also found that the knockdown of energy production-related genes such as cyt.c-d, GAPDH2, or aconitase significantly attenuated the production of oxidative stress that was induced by the ectopic expression of Eiger to a similar extent as the knockdown of bsk or dTAK1 (Fig. 4G ). In contrast, the overexpression of Hid did not increase the gstD-GFP signal (Fig. 4 E, E′, and F). These results, together with the findings shown in Fig. 3 , suggest that the energy production-related molecules regulate the production of ROS downstream of JNK in the Eiger-induced cell death pathway.
Energy Production-Related Molecules Are Required for the Physiological Eiger-Induced Death of Tumorigenic Mutant Cells. We next assessed whether these molecules contribute to the cell death triggered by endogenous Eiger. The imaginal tissue of mutants for evolutionarily conserved tumor suppressors, such as scribble (scrib) or discs large (dlg), overgrow and develop into tumors (29) . However, when these tumorigenic mutant cells are surrounded by WT tissue, they do not overgrow but are, instead, eliminated from the tissue through Eiger-JNK-induced cell death (30, 31) . Thus, physiological Eiger signaling functions as an intrinsic tumor suppressor to eliminate tumorigenic mutant cells. We therefore asked if energy production-related molecules regulate the endogenous Eiger signaling during the elimination of tumorigenic scrib mutant clones. To this end, we reduced the expression of CPTI (for fatty acid metabolism) or pgk (for glycolysis) in scrib mutant clones by the Mosaic Analysis with a Repressible Cell Marker (MARCM) method (32) . The scrib mutant clones generated in the eye antennal discs were largely eliminated from the tissue during the larval and pupal stages ( Fig. 5 A, B , E, and F) (31). However, when CPTI or pgk was knocked down, the area of the tumorigenic scrib mutant clones in the eye antennal discs increased significantly (Fig. 5 B-D and I) , although strong JNK activation was still observed in these cells (Fig. 5 E-H and E′-H′). The knockdown of CPTI or pgk in the WT cells did not increase the clone area or pupal lethality; rather, it decreased the clone area, presumably because of the reduction in energy production (Fig. 5I) . Therefore, the increased area of the tumorigenic scrib mutant clone was not an additive effect of the CPTI-or pgk-RNAi. Consistent with this result, a significantly greater number of animals carrying these cells than control animals died as pupae (Fig. 5J) . Together, these results indicated that energy production-related genes are crucial for the endogenous Eiger-JNK-mediated cell death signaling that removes tumorigenic scrib cells from epithelia.
Discussion
Ectopic Expression of Eiger Induces Nonapoptotic Cell Death. In this paper, we provide genetic evidence that metabolic energy production-related molecules are central to the Eiger/TNF-induced cell death (Fig. 5K) . We also provide evidence that this cell death system is, at least in part, used in endogenous Eiger signaling to remove tumorigenic mutant cells from epithelia as an intrinsic tumor suppression system.
It was recently revealed that at least some nonapoptotic cell deaths can be categorized as necroptosis, in which cells undergo nonapoptotic cell death under apoptosis-deficient conditions when treated with agonistic ligands of death receptors, such as TNFα, FasL, or TRAIL (33) . The Eiger-induced cell death shares features with necroptosis in that it is triggered by TNF family proteins, produces ROS, and is caspase-independent. Furthermore, the Drosophila homolog of a tumor suppressor protein, Cylindromatosis, one of the essential regulators of necroptosis (34, 35) , has been shown to regulate JNK activation The number of proommatidial clusters that expressed GFP within the single eye discs shown in A-E was counted and analyzed statistically. Asterisks indicate statistical significance, which was determined by Student's t test. *P < 0.01; **P < 0.001. wk and st mean weak and strong alleles of UAS-eiger, respectively. (G) RNAi-based knockdown of JNK pathway components or mitochondria-related genes attenuated the production of ROS induced by the overexpression of Eiger. Each bar in the graphs of F and G represents the mean ± SEM. The number of independent data points in F and G is indicated as n. . Energy production-related molecules are required for the endogenous Eiger-JNK-induced cell death signaling that removes tumorigenic scrib cells. GFP-labeled WT (A, E, and E′), scrib mutant clones (B, F, and F′), or scrib mutant clones with RNAi constructs against energy production-related genes (C, D, G, G′, H, and H′) were generated in eye antenna imaginal discs. E-H show the anti-phospho-JNK antibody staining (magenta) and MARCM clone (green). E′-H′ show the anti-phospho-JNK antibody staining of E-H. Arrowheads indicate JNK activation in the clone. A-D show eye discs. E-H and E′-H′ show antenna discs. Anterior is to the left. (I) RNAi of energy production-related genes had a survival effect on scrib cells. (J) Pupal lethality caused by the clones induced in eye antennal discs. Asterisks in I and J indicate statistical significance, determined by Student's t test. *, P < 0.05; **, P < 0.01. Each bar in the graphs of I and J represents the mean ± SEM. The number of independent data points in I and J is indicated as n. (K) Schematic diagram for the JNK-mediated cell death signaling triggered by Eiger. Eigerstimulated signaling is transduced to the JNK pathway through a Wengen/ dTRAF2/dTAB2/dTAK1-mediated signal (9) (10) (11) (12) (16) (17) (18) . The activated JNK signaling is mediated by the energy metabolism-related pathway as shown in this paper. The deregulation of mitochondrial energy homeostasis, involving ROS production, was induced downstream of the activated JNK and energy production. This molecular mechanism is also used by physiological Eiger signaling to remove tumorigenic scrib cells.
in Eiger-induced cell death signaling (16) . However, despite the high conservation of most of the apoptotic machinery, blast search analysis has not identified Drosophila homologs of receptor-interacting protein (RIP) 1 or RIP3, the essential kinases for inducing necroptosis (19, 20, (36) (37) (38) (39) .
As we showed in Fig. S3 , oxidative stress could be induced downstream of the activated JNK pathway. However, we also found that the knockdown of energy production-related genes such as cyt.c-d or GAPDH2 did not suppress the dTAK1-or Hep CA -induced cell death phenotype (Fig. S4) . This finding could be caused by the overexpression of dTAK1-or Hep CAinduced additional pathways, because we found that dTAK1 or Hep CA overexpression induced JNK activation much more strongly than Eiger overexpression (Fig. S5) . Because dTAK1 also functions downstream of Imd in the innate immune response, Imd-related signaling was another possible mechanism for mediating Eiger signaling. Therefore, we examined the genetic interaction between Eiger-induced cell death and Imd or Imd-related genes. However, we did not find any significant interactions between them (Fig. S6) . Therefore, it would be interesting to examine if other proteins can substitute for the functions of RIP1 or RIP3 in Eiger signaling or if fly TNF signaling uses other mechanisms to induce nonapoptotic cell death.
TNF-Induced Nonapoptotic Cell Death and Energy Production. It has been reported that TNF-induced nonapoptotic cell death leads to the RIP3-dependent activation of glycogen phosphorylase, which is the rate-limiting enzyme in the degradation of glycogen and therefore, the key molecule for regulating energy production (39) . In this context, ROS can be generated by the production of excess energy (39) . This finding could explain why the downregulation of energy production-related genes suppressed Eigerinduced cell death. However, we also observed that the amount of ATP in the eye antenna imaginal disc decreased when Eiger was overexpressed, and this decrease in ATP was cancelled by the knockdown of bsk, CPTI, pgk, or cyt.c-d (Fig. S7) . This finding suggests that the activation of energy production by Eiger signaling could also trigger another mechanism that decreases the tissue ATP level. It is possible that the tissue loses ATP simply because of the massive cell death caused by Eiger expression. Alternatively, the work by Temkin et al. (40) reported that treatment with TNFα and the caspase inhibitor zVAD not only induces nonapoptotic cell death with ROS production but also decreases ATP because of the inhibition of adenine nucleotide translocase (ANT) by RIP1. A similar ANT-dependent inhibition mechanism could be involved in Eiger-induced cell death. Because neither RIP1 nor RIP3 has yet been identified in Drosophila, the mechanism by which the total ATP is regulated in Eiger-induced cell death remains to be elucidated.
Drosophila Model of Intrinsic Tumor Suppression. When scrib or dlg mutant cells are induced as clones in otherwise WT eye imaginal discs, most of these mutant cells are eliminated by Eiger-JNKdependent cell death during development (31, 41) . This cell death could involve a caspase-independent mechanism, because the elimination of mutant cells is not fully suppressed by the overexpression of p35 compared with the blockage of JNK signaling (30, 31) . Thus, the mode of cell death triggered in scrib mutant clones is analogous to the mode of cell death triggered by the overexpression of Eiger in imaginal discs. Our observations suggest that the regulation of energy production could be a crucial determinant of the susceptibility of tumor cells to cytotoxic stimuli.
Interestingly, tumor cells frequently produce ATP by glycolysis in the cytosol rather than in the mitochondria, which is known as the Warburg effect (42, 43) . Because mitochondrial energy production generates cytotoxic ROS, cancer cells might increase their resistance to cytotoxic stimuli by reducing mitochondrial energy production (43) . In this sense, mitochondrial energy production could act as a tumor suppressor. In fact, subunits of a TCA cycle enzyme, Succinate dehydrogenase (Sdh; SdhB, SdhC, and SdhD), are reported to be classical tumor suppressors in pheochromocytoma or paraganglioma (44) . Furthermore, a specific isoform of pyruvate kinase, which is involved in glycolysis, is necessary for cellular metabolism to shift to aerobic glycolysis and the promotion of tumorigenesis (45) . Similarly, the activity of pyruvate dehydrogenase (PDH), which links the glycolytic pathway to the TCA cycle by transforming pyruvate to acetylCoA, is suppressed in cancer cells, whereas the reactivation of PDH induces cell death in a solid tumor cell line and xenografts (46) . Interestingly, we found that the knockdown of Drosophila PDH (which is encoded by CG7010) (47) strongly suppressed Eiger-induced cell death ( Fig. 2A, g) . Furthermore, the downregulation of genes involved in glycolysis and the β-oxidation of fatty acids significantly suppressed the elimination of scrib cells from imaginal epithelia (Fig. 5 ). These observations suggest that the regulation of cellular energy production or even the source of energy could be critical for controlling the susceptibility of cancer cells to cytotoxic stimuli such as TNFα.
Materials and Methods
The deficiency kit flies were obtained from Bloomington Stock Center. Transgenic flies for RNAi experiments were obtained from the Vienna Drosophila RNAi Center and National Institute of Genetics. The UAS-eiger regg1 allele was described previously (9, 48) . The gstD-GFP reporter fly (27, 28) was used to detect the antioxidant response. Experiments were approved by the committee on Living Modified Organisms of Keio University, Kobe University, and The University of Tokyo. Additional details are in SI Materials and Methods.
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Kanda et al. 10 .1073/pnas.1103242108 SI Materials and Methods Genetic Screen. Fly culture and crosses were carried out at 25°C unless otherwise specified. Canton-S was used as the WT strain. A series of Bloomington deficiency kit lines were crossed with UAS-eiger regg1 ; GMR-GAL4/TM3 transgenic flies, and the F1 progenies were examined for suppression of the small eye phenotype. If a chromosomal deficiency region contained a gene that functions downstream of Eiger, the Eiger-induced small eye phenotype should be suppressed. More than 80% of the Drosophila genome was analyzed in the primary screen. The responsible regions for phenotype suppression were narrowed down by using small, overlapping deficiencies. The candidates for responsible genes were then screened by examining publicly available mutants. To obtain images of the adult eye, flies were frozen at −80°C for 5 min, and photographs were taken and processed with an Olympus SZX16 camera with Dynamic Eye REAL software (Mitani).
Fly Food. To avoid variations in energy supply from the fly food, we used freshly cooked fly food according to the following recipe in all of the experiments: 400 g dry yeast (Oriental Dry Yeast), 400 g corn flour (Nippn), and 80 g agar (Kishida Chemical) were mixed and boiled well in 9 L water. Subsequently, 1,000 g glucose (Nakalai Tesque) were dissolved in 1 L hot water, and added to the mixture; 30 mL propionic acid (Nakalai Tesque) and 50 mL 10% butyl phydroxybenzoic acid in 70% ethanol were added before aliquotting.
Histology. Eye discs from third instar larvae were stained by standard immunohistochemical procedures using a rabbit antiphospho-JNK monoclonal antibody (1:100; Cell Signaling) or rabbit anti-cleaved caspase 3 antibody (1:100; Cell Signaling). The secondary antibodies were 555 Alexa anti-mouse IgG (1:1,000; Molecular Probes) and 555 Alexa anti-rabbit IgG (1:1,000; Molecular Probes). The stained samples were mounted with antifade reagent (Slow Fade Gold; Invitrogen). For acridine orange staining, dissected eye discs were incubated with 1.6 μM acridine orange (Sigma) solution for 2 min (1). After a brief rinse with PBS, the samples were analyzed by fluorescence microscopy.
Dihydroethidium Staining. Eye discs of third instar larvae were dissected in PBS and then stained in 5 μM dihydroethidium (Invitrogen)/PBS solution for 5 min at room temperature. The discs were then briefly rinsed with PBS two times and washed with PBS for 5 min. The fluorescence was analyzed under a fluorescence microscope.
Monitoring of Cellular Reactive Oxygen Species Production by a gstD-GFP Reporter. The eye discs of transgenic flies containing a gstD-GFP reporter construct were dissected and stained using an anti-GFP antibody (1:100; MBL). The secondary antibody was 488 Alexa antirabbit IgG (1:1,000; Molecular Probes). The samples were mounted with VECTASHIELD mounting medium (Vector Laboratories). The number of GFP-positive clusters was counted under a fluorescence microscope.
ATP Assay. The amount of ATP in the eye antenna imaginal discs was analyzed using an ATP determination kit (A22066; Molecular Probes). In brief, the discs were dissected in PBS, and each disc was separately placed into 1× reporter lysis buffer (Promega). The samples were immediately heat-shocked at 95°C to inactivate ATPase and then quickly frozen. The tissue lysates were centrifuged at 15,300 × g for 5 min, and the supernatant was subjected to the ATP assay. The luminofluoresence was measured by a Lumat LB9507 (Berthold).
Detailed Genotypes of the Animals Used in Figures. The transgenic RNAi flies used in the experiments in columns a-n of Fig. 2 were UAS-lacZ-inverted repeat (IR; a), UAS-
, and UAS-Mdh-IR VDRC27535 (n). The genotypes of the control animals in which CPTI-or pgkRNAi was induced in the WT clone in Fig. 5 I and J were yw, eyFLP1/+; act > y+ > Gal4, UAS-GFP/+; FRT82B, Tub-Gal80/ UAS-CPTI-IR VDRC4046 FRT82B (CPTI), and yw, eyFLP1/+; act > y+ > Gal4, UAS-GFP/+; FRT82B, Tub-Gal80/UAS-pgk-IR VDRC33798 FRT82B (pgk), respectively. Abbreviations in Fig. 2 are as follows: acon, aconitase; CPTI, carnitine palmitoyltransferase I; cyt.c-d, cytochrome c-distal; Idh, Isocitrate dehydrogenase; Indy, I'm not dead yet; IR, inverted repeat; Mdh, malate dehydrogenase; mtacp1, mitochondrial acyl carrier protein 1; Pgk, phosphoglycerate kinase; Sdh, succinate dehydrogenase. Fig . S1 . Suppression of the Eiger-induced small eye phenotype by suppressors of Eiger (SE) alleles identified in the screen. Light micrographs of adult fly eyes. For all flies except WT (Canton-S) and GMR-GAL4, UAS-eiger (UAS-eiger regg1 /+; GMR-GAL4/ +), the genotype was UAS-eiger regg1 /+; GMR-GAL4/+ on the heterozygous background for the deficiencies mentioned in the panels. The name, cytology of the deficiency region, and Bloomington stock number for each line are summarized in Table S1 . ). DHE-positive cells were detected in the clones in which Eiger was overexpressed. Genotypes were yw, eyFLP1/+; act > y + > Gal4, UAS-GFP/ UAS-lacZ; FRT82B, Tub-Gal80/FRT82B (Upper) and yw, eyFLP1/+; act > y + > Gal4, UAS-GFP/UAS-eiger 12 ; FRT82B, Tub-Gal80/FRT82B (Lower), respectively. Arrowheads indicate the morphogenetic furrow. Anterior is to the top. Fig. S3 . Ectopic expression of dTAK1 increases the gstD-GFP signal. Eye discs were dissected, and the gstD-GFP signal was examined. The activation of JNK signaling was detected by the immunostaining of anti-phospho-JNK. Genotypes were as follows: w; GMR-GAL4, gstD-GFP/UAS-lacZ (A-C) and w; GMR-GAL4, gstD-GFP/UAS-dTAK1 (D-F). Anterior is to the left. Arrowheads indicate the morphogenetic furrow. Yellow arrow indicates the gstD-GFP signal, which was induced by the overexpression of dTAK1. . Overexpression of dTAK1 or Hep CA strongly activates JNK. Eye discs were dissected, and the activation of JNK signaling was detected by the immunostaining of anti-phospho-JNK. Genotypes were as follows: w; GMR-GAL4/UAS-lacZ (A), w; GMR-GAL4/ UAS-eiger regg1 (B), w; GMR-GAL4/ UAS-dTAK1 (C), and w; GMR-GAL4/ UAS-hep CA (D). Anterior is to the left. Arrowheads indicate the morphogenetic furrow.
